The critical role of thyroid hormone (TH) in brain development is well-established. Evidence shows that severe deficiencies lead to significant neurological dysfunction. Much less information is available on more modest perturbations of TH on brain function. The present study induced varying degrees of developmental hypothyroidism by administration of low doses of the TH synthesis inhibitor, propylthiouracil (PTU 0, 1, 2, and 3 ppm) to the drinking water of pregnant rats. This regimen produced dosedependent reductions in circulating levels of T4 in dams and offspring on postnatal days (PN) 15 and 22, with return to control levels in adulthood upon termination of treatment at weaning. Modest reductions in T3 were observed in the high-dose group on PN15. Synaptic function in the dentate gyrus was examined in adult euthyroid offspring using in vivo field potentials. Excitatory synaptic transmission (excitatory postsynaptic potential [EPSP] slope amplitude) was significantly reduced at 2 and 3 ppm PTU, with no statistically reliable effect detected in the population spike. Paired-pulse functions estimating the integrity of inhibitory synaptic processing were modestly reduced by 3 ppm PTU. Longterm potentiation (LTP) of the EPSP slope was impaired at all dose levels. Trace fear conditioning to context and to cue was impaired at the highest dose level when a distractor stimulus was present, whereas conditioning in a standard trace fear paradigm paradoxically revealed ''enhanced'' performance at the intermediate dose and a return to control values in the high-dose group. Biphasic dose-response profiles were evident in some measures (trace fear conditioning and LTP) but not others and serve to exemplify the complexity of the role of TH in brain development and its consequences for brain function.
Thyroid hormones (THs) play crucial roles in the development and maturation of the central nervous system. Although it is well recognized that severe TH insufficiency during the perinatal period results in stunted growth, impaired brain development, and mental retardation in children (Morreale de Escobar et al., 2000; Zoeller and Rovet, 2004) , much less is known of the subtle cognitive deficiencies accompanying modest TH insufficiencies. Animal models have largely focused on severe hypothyroidism associated with frank deficits in body weight, brain size, and accompanied by developmental delays and sensory and cognitive deficits Brosvic et al., 2002; Davenport and Dorcey, 1972; Dong et al., 2005; Gong et al., 2010a; Henck et al., 1996) . However, Auso et al. (2004) have reported that methimazole at high doses but administered over a very short duration in midgestation promoted neuronal migration errors and blurring of the layers in the neocortex in juvenile offspring. In this same model, Opazo et al. (2008) reported impairments in spatial learning and hippocampal plasticity in adult offspring. A similar pattern of disruption in cerebral cortex and hippocampal cytoarchitecture has also been reported in models of developmental iodine deficiency (Lavado-Autric et al., 2003) and transient hypothyroxinemia of prematurity (Berbel et al., 2010) .
Previous work demonstrated significant impairments in auditory function (Goldey et al., 1995) , hippocampal learning (Akaike et al., 1991; Axelstad et al., 2008; Darbra et al., 2004; Davenport and Dorcey, 1972; , neurochemistry (Dong et al., 2005; Gong et al., 2010a,b) , and synaptic transmission and plasticity following relatively severe hypothyroidism induced by the goitrogens propylthiouracil (PTU), methimazole, or severe iodine deficiency (Dong et al., 2005 (Dong et al., , 2010 Gilbert, 2004; Gilbert and Paczkowski, 2003; Vara et al., 2002) . More moderate doses not accompanied by general signs of toxicity in dams or offspring (e.g., reductions in body weight) were also accompanied by learning deficits (Axelstad et al., 2008; and neurophysiological impairments in hippocampal area CA1 (Opazo et al., 2008; Sui et al., 2005; Sui and Gilbert, 2003) and dentate gyrus . Evidence of dose-dependent alterations in cortical neuronal migration (Goodman and Gilbert, 2007; Lavado-Autric et al., 2003) , oligodendrocyte cell fate specificity (Sharlin et al., 2008) , and gene expression (Royland et al., 2008; Sharlin et al., 2010) has also been recently reported in the offspring of dams with moderate reductions in circulating levels of TH beginning in early gestation.
The present study sought to extend previous observations to lower doses of PTU to determine the degree to which TH must be reduced before functional deficits are revealed. A paradigm of graded reduction in serum TH was employed by administering relatively low doses of PTU to pregnant and lactating rats. These doses of PTU, ranging from 1 to 3 ppm (0.0001-0.0003% in drinking water), represent concentrations more than 100-fold lower than those traditionally used to investigate the impact of TH deficiencies on neurodevelopment. Serum thyroxine (T4) was reduced (25-90% over the dose range) in the absence of consistent effects on serum triiodothyronine (T3) in dams or pups, pregnancy outcomes, pup growth, or timing of developmental milestones. Alterations in fear conditioning to both cue and context were observed. Electrophysiological impairments in excitatory and inhibitory synaptic transmission were evident at higher doses, reductions in long-term potentiation (LTP) of the excitatory synaptic potential were seen at all dose levels. Serum T4 values in dams and pups at postnatal day (PN) 21 were more closely aligned with the dose-response relationship observed in functional impairments than hormones sampled during the peak in circulating THs on PN14, suggesting that measures of serum hormone may not mirror hormone insufficiencies in brain. These data suggest that even mild reductions in circulating T4 in early development can permanently alter brain function.
MATERIALS AND METHODS

Animal Treatment
Pregnant Long-Evans rats were obtained from Charles River (Raleigh, NC) on gestational day (GD) 2 and housed individually in standard plastic hanging cages in an approved animal facility. All animal treatments were in strict accordance with the National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals. Animal rooms were maintained on a 12:12 light:dark schedule, and animals were permitted free access to food (Purina rat chow) and tap water. Beginning on GD 6 and continuing until PN21, dams were administered 0, 1, 2, or 3 ppm (0.0001-0.0003%) of the antithyroid agent PTU (Sigma, St Louis, MO) in the drinking water. Water intake was monitored by biweekly weighing of water bottles throughout the gestational and lactational period. The day of birth was designated PN0, and all litters were culled to 10 pups on PN4. On PN22, the offspring were weaned, transferred to plastic hanging cages (2/cage), and were permitted free access to food and tap water. Dam weights were monitored frequently throughout pregnancy, and offspring weights were recorded during the first postnatal month and again on PN42 and PN130.
Thyroid Hormones
Blood was collected from culled pups on PN4, and one pup from each litter was sacrificed by decapitation on PN15 and PN22. Dams were sacrificed on PN22. Trunk blood was collected and allowed to clot on ice for a minimum of 30 min. Serum was separated via centrifugation and stored at À80°C for later analyses by radioimmunoassay as previously described . Serum concentrations of total thyroxine(T4) and total triiodothyronine (T3) were analyzed by radioimmunoassay kits (Diagnostic Products Corp., Los Angeles, CA). Thyroid-stimulating hormone (TSH) was measured using a standard double antibody assay as described by Thibodeaux et al. (2003) . All samples for total T4 and total T3 were run in duplicate, and the intra-and interassay variations were less than 10%. The minimum detectable concentration (MDC) for each assay was determined statistically (three standard deviations above background levels). For all T3 assays (n ¼ 4), the MDC was 7.8 ng/ml, and for the T4 assays (n ¼ 4), the MDC was 4.9 ng/ml. The lowest calibrator for each assay was 5 ng/ml. For statistical purposes, in those cases where the sample result was below the level of this calibrator, the result was set by default to the MDC.
Electrophysiological Assessments
Stimulation of the perforant path evokes a monosynaptic extracellular field potential that can be reliably recorded from electrodes placed in the hilar region of the dentate gyrus (Gilbert and Burdette, 1995; Lomo, 1971) . Adult male offspring were anesthetized with urethane (1.5-2 gm/kg, ip) between 6 and 10 months of age, well after termination of exposure and return of THs to control levels. Two animals were assessed each day and dose groups were counterbalanced over days to equate the mean age across groups. Data represent 10 control, 12 1 ppm, 13 2 ppm, and 14 3 ppm animals sampled from 7, 10, 10, and 8 litters, respectively, and no more than two animals were sampled per litter. Under conditions where two animals/litter were evaluated, the mean of the response amplitude was calculated, and this value entered into the analysis. Animals were mounted in a stereotaxic frame, and bipolar twisted stainless steel wire electrodes (250 lm in diameter, insulated except for the cut tips, and crimped onto gold-plated Amphenol pins) were lowered into the angular bundle of the perforant path according to flat skull stereotaxic coordinates (7.2 mm posterior to bregma, 4.1 mm lateral to the midline). A monopolar-insulated tungsten-recording electrode was lowered into the ipsilateral dentate gyrus 3.5 mm posterior to bregma and 2-2.2 mm lateral to the midline. Nominal depths for stimulating and recording electrodes were 2.2 and 3.5 mm below dura, respectively, but optimal depth placement was achieved through electrophysiological monitoring of the response evoked in the dentate gyrus following single-pulse perforant path stimulation.
The field potential is comprised of an initial positive component, the excitatory postsynaptic potential (EPSP) and a negative compound action potential, the population spike (PS) (see insets in Fig. 3 ). The positive component provides an index of synaptic activity comprising the summed EPSPs at the level of the dendrites. The slope of the EPSP was calculated as the rate of amplitude change for the initial positive component of the dentate gyrus field potential prior to PS onset. PS was derived from the amplitude of a line connecting the lowest value of the negative potential to the point of intersection of a tangent connecting the two positive peaks of the potential (Gilbert and Burdette, 1995) .
Excitatory and inhibitory synaptic function. Once optimal electrode placement based on response morphology and amplitude was achieved, responses evoked by single-pulse stimulation of the perforant path (biphasic square wave pulses, 0.1 ms duration using a Grass S-88 stimulator, and PSIU-6 constant current converters) were monitored at 15 min intervals for the next 2 h to ensure stability prior to commencement of formal testing (Gilbert and Mack, 1999) . Responses were amplified, digitized (33 kHz sampling rate), averaged using LabWindows (National Instruments, Austin, TX) and custom designed software, and stored on a PC for later analysis. Upon stability, typically 2-3 h after initial electrode placement paired pulses were used to probe inhibitory synaptic transmission. Two pulses of equal stimulus intensity were delivered at interpulse intervals (IPI) of 10, 20, 30, 70, and 250 ms at a maximal stimulus intensity of 1500 lA (100%), and those yielding PS amplitudes 50 and 20% of maximum PS amplitude, independently selected for each individual animal. Ten pulse pairs were averaged at each IPI and each intensity. Data were expressed as THYROID HORMONE, HIPPOCAMPUS, AND BEHAVIOR 433 a ratio of test pulse (pulse 2) to conditioning pulse (pulse 1) PS amplitude. Excitatory synaptic transmission was evaluated by administering a series of 25 intensities ranging from 50 to 1500 lA (base-to-peak), 5 pulses/intensity averaged, and 10 s between each pulse. This comprised the input/output (I/O) function upon which differences in baseline synaptic transmission were assessed as well as the reference I/O to determine the induction of long-term synaptic plasticity (i.e., pretrain I/O) following administration of theta-burst stimulation.
Long-term potentiation. Immediately following the collection of the baseline pretrain I/O function, LTP was induced by delivering three train pairs (i.e., two 1500 lA 4-pulse bursts at 400 Hz with a 200-ms interval between each burst, repeated three times at 10 s intervals). A second I/O function was collected 1 h after train delivery. LTP magnitude was determined by the change in EPSP and PS amplitude before and after train delivery.
Fear conditioning. One male offspring from each litter was subjected to trace fear conditioning in one of two paradigms (trace fear and distract trace fear) employing different animals in each test. Animals were pair-housed and were not handled outside of routine biweekly animal husbandry activities. Animals were tested during the dark phase of their light cycle beginning a minimum of 4 h after lights went out. Trace fear conditioning was conducted over a 2-day period. On day 1, animals were placed in a test chamber (Habitest; Coulbourn Instruments, Allentown, PA) equipped with a small animal shock generator (H13-16; Coulbourn Instruments). The chamber was sprayed with Windex cleaner to provide a distinctive olfactory cue during training and context testing. The training procedure consisted of a 2-min baseline period followed by onset of a 15-s compound light/tone conditioned stimulus (CS). The unconditioned stimulus (US) was a scrambled footshock (1 mA, 0.5 s duration) delivered through a metal grid floor. Two CS-US pairings were delivered, 2 min apart. CS offset and US onset were separated by a 30-s trace interval. For distract trace fear conditioning, identical conditions were used with the addition of a noncontingent distractor stimulus (a dim light on the wall opposite the cue light and flashing for 3 s) randomly presented throughout the training session. Conditioning to context was assessed the following day. Animals were returned to the same test chamber for 5 min during which no explicit CS or US was delivered. Approximately 1 h later, conditioning to cue was assessed by placing animals in a similarly sized test box, which was equipped with striped walls and a smooth floor and was located in a different room. In addition, the enclosure doors remained open, the room lights were on, and the distinct olfactory cue present during training was absent. A protocol similar to that used during training was employed, with only a single CS presentation after the 2-min baseline period, no shock US was delivered or distractor stimuli were presented. Activity was recorded for 3 min after CS presentation.
Activity was quantified using an infrared motion detector (Coulbourn Instruments) mounted on the ceiling of each test chamber. Reduced activity was taken as the measure of fear-induced learning, with greater suppression indicating better learning. Activity counts were recorded in 15-s bins for training, context, and cue testing. Conditioning to context was measured as the number of activity counts during the first 2 min of testing on day 2 compared with the number of counts recorded during the 2 min before delivery of the CS on day 1. Conditioning to cue was taken as the mean number of activity counts recorded in the novel test chamber on day 2 in the 30-s period after CS presentation compared with the mean during the prestimulus baseline period activity in a 30-s period before the CS.
Shock Sensitivity Analysis
Horizontal displacement induced by shock delivery during training was compared in an independent group of control (n ¼ 13) and the high dose 3 ppm animals (n ¼ 8) to determine if shock sensitivity was altered by developmental hypothyroidism. Animals were observed throughout the training and testing periods via infrared cameras on the ceiling of the test boxes, and digitized images were collected. This was accomplished using Image J (NIH) software following a procedure described by Anagnostaras et al. (1999) . The horizontal displacement of each animal in response to the US was calculated by comparing movement during the 2-s period immediately preceding and following footshock presentation. For each frame within the preshock and postshock period, the location of the nose of the rat was marked and x-y coordinates were recorded. The distance moved between each frame in pixels was then converted into centimeters traveled based on known landmarks in the picture frame and the box dimensions. Finally, this was divided by time and averaged over the 2-s period to yield the animal's mean velocity in centimeters/ second separately for the 2-s preshock and the 2-s postshock period.
Statistical Analyses
Standard general linear models ANOVA was conducted using SAS (version 9.2; SAS Institute, Cary, NC). Differences in baseline synaptic transmission were evaluated by subjecting EPSP slope and PS amplitudes collected in the baseline pretrain I/O function to a repeated measures ANOVA with one between (dose) and one within (stimulus intensity) subjects factor. Litter was used as the unit of analysis. Mean contrast statements were used within the ANOVA to evaluate the effects at each dose level. Paired-pulse functions were evaluated with a repeated measures ANOVA with one between (dose) and two within (intensity and IPI) subjects variables. LTP was assessed by evaluating pre-and posttrain I/O functions normalized to the maximal response evoked during the pretrain period and using a repeated measures ANOVA with one between (dose) and two within (session and stimulus intensity) subjects factors. As differences in baseline synaptic transmission were detected, LTP was further evaluated by comparing the responses evoked pretrain versus posttrain for each animal at three stimulus strengths (those producing 30, 50, and 100% of maximal PS amplitude) individualized for each animal from the pretrain baseline I/O curves. These data were evaluated using a repeated measures ANOVA with one between (dose) and one within (intensity) subjects factor and mean contrast statements within the ANOVA to evaluate the effects at each dose. Dose effects at each intensity were assessed using Tukey's t-test. Fear conditioning training was evaluated with a repeated measures ANOVA with one between (dose) and one within (phase of testing, i.e., baseline, shock1, and shock2) subjects factor, and step-down ANOVAs performed at each phase of testing when a significant main effect or interaction was detected. Each dose group in these analyses was compared with control using mean contrast statements within the ANOVA. Cue learning was similarly evaluated by a repeated measures ANOVA. TH levels, context conditioning, and shock sensitivity were evaluated using one-way ANOVAs. Significant main effects were evaluated using Dunnett's t-test to compare each dose group to the control. The alpha level was set at 0.05.
RESULTS
Dose Levels and Developmental Indices
PTU delivered through the drinking water did not impact water intake in dams during gestation or lactation. Intake increased from~25 to 40 ml/day between mid (GD11) and late (GD18) gestation but did not differ as a function of dose of PTU (Fig. 1A dose F(3,47) ¼ 1.78, p > 0.16). As such, calculating PTU intake based on water consumption yields PTU dose levels of 0, 0.095, 0.190, and 0.288 mg/kg/day in midgestation (GD11) for 0, 1, 2, and 3 ppm dose groups, respectively. Water intake and dam body weight increased with pregnancy, and dose levels calculated in late gestation based on these parameters yielded 0, 0.131, 0.262, and 0.390 mg/kg/day for the 0, 1, 2, and 3 ppm dose levels, respectively.
Dam body weight increased over the course of gestation and stabilized in the postnatal period with no differences between control-and PTU-exposed dams during the pre-or postnatal period ( Fig. 1B dose F(3,488) ¼ 0.31, p > 0.82). Pup body weights were slightly reduced in the 3 ppm dose group (age 3 dose F(15,240) ¼ 2.37, p < 0.0034), but this reduction was not apparent until PN21 (~17%, Fig. 1C ). This weight decrement at the high dose level diminished with age but remained at PN42 (~4.5%, inset 2B) (F(3,210) ¼ 17.37, p < 0.0001) and disappeared by PN130 (F(3,117) ¼ 0.43, p > 0.073). Eye opening was significantly delayed by about 1-day in PTUexposed litters from the 3 ppm dose group only (dose 3 day F(12,192) ¼ 3.12, p < 0.0004) (Fig. 1D ).
Thyroid Hormones
Serum T4 was significantly reduced in a dose-dependent manner in pups at PN15 (p < 0.0001) and PN21 (p < 0.0001), with proportionally larger magnitude effects seen at the younger age. Significant reductions were evident at all dose levels: 44 and 25% at 1 ppm, 79 and 48% at 2 ppm, and 86 and 88% at 3 ppm for PN15 and PN22, respectively. Dam T4 values assessed at weaning were also reduced but to a lesser degree and were limited to the two highest dose levels (40 and 70%, respectively, Fig. 2A ). T4 assessed in adult offspring on PN130 were comparable in all groups (all p > 0.31). T3 was slightly reduced (~10%) on PN15, and this effect was limited to the high-dose group (F(3,75)¼ 5.37, p < 0.002). No reductions in T3 were seen in dams or pups at any other dose level or age ( Fig. 2B ; all p > 0.45). TSH was elevated in dams and pups at all ages by 3 ppm ( Fig. 2C ; all p < 0.002) with statistically significant increases limited to the 3 ppm dose group at each age and in the 2 and 3 ppm dose groups on PN15 (Dunnett's t-test, p < 0.05).
Baseline Synaptic Transmission
I/O Functions
Recordings from the dentate gyrus evoked by perforant path stimulation revealed significant reductions in the amplitude of the EPSP slope as a function of PTU exposure. As expected, THYROID HORMONE, HIPPOCAMPUS, AND BEHAVIOR increasing amplitudes of both measures were seen with increasing stimulation intensities (F(24,744) ¼ 93.7, p < 0.0001 for EPSP; F(24,744) ¼ 58.09, p < 0.0001 for PS). However, the EPSP slope amplitude was dose-dependently reduced (dose 3 intensity F(72,744) ¼ 1.74, p < 0.0001), with significant reductions at 2 ppm (F(24,744) ¼ 1.64, p < 0.0277) and 3 ppm (F(24,744) ¼ 4.05, p < 0.0001). No difference from control EPSP was evident at the 1 ppm dose level (Fig. 3A) . PS amplitude appeared to be suppressed in amplitude in the highdose group, but ANOVA did not reveal significant differences in this measure (Fig. 3B) .
Paired-pulse functions. A standard triphasic pattern of depression, facilitation, and depression was observed with delivery of pairs of stimulus pulses separated with increasing intervals between pulses (Figs. 4A-C; IPI F(4,124) ¼ 87.52, p < 0.0001). As expected, the degree of depression and facilitation observed was also intensity dependent, greater depression, and less facilitation at higher intensities (F(2,62) ¼ 46.32, p < 0.0001; note differences in range of ordinate axes in Figs. 4A-C) . Paired-pulse facilitation was increased at the 3 ppm dose level for 70 ms IPI ( Fig. 4D ; overall ANOVA F(3,31) ¼ 5.96, p < 0.02) and 30 ms IPI ( Fig. 4E ; overall ANOVA F(3,31) ¼ 4.68, p < 0.04). These were more pronounced at the two highest intensities for the 70 ms (Dunnett's t-test, p < 0.05). Large increases in facilitation at both IPIs at the lowest stimulus strength revealed a similar trend, but the variability of the response amplitude at these low intensities was large, obviating any statistically significant differences.
Long-term potentiation. Comparison of I/O functions collected before and 1 h after LTP trains were delivered revealed a significant reduction in EPSP slope LTP at all dose levels. Slope amplitudes were normalized by expressing each slope value to the maximum baseline amplitude for each individual animal, averaged by litter, and analysis performed on a litter basis. These normalized I/O functions are presented in Figure 5 . An upward shift in the slope amplitude across stimulus intensities in the I/O function collected 1 h after delivery of the LTP train stimulus reflects the magnitude of evoked LTP. Clear augmentation of the EPSP slope amplitude was seen in controls ( Fig. 5A; F(1,12) ¼ 13.37, p < 0.0033), , and TSH (C) in pups throughout lactation and in dams when pups were weaned. T4 was below the limits of detection (set to 4.9 ng/ml) for most samples at PN4. T4 was dose-dependently reduced in pups on PN15 and PN22. With the exception of a modest reduction in T3 (< 10%) in PN15 pups, no changes were detected in dams or pups. TSH was elevated in the high-dose group dams and pups at all times sampled, and in 2 ppm pups on PN15. *p < 0.05, Dunnett's t-test conducted after significant effect of dose was detected in ANOVA.
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GILBERT by guest on November 7, 2016 http://toxsci.oxfordjournals.org/ whereas little evidence of an upward shift in posttrain functions was seen for the 1 ppm ( Fig. 5B; F(1,17) ¼ 0.37, p > 0.55), 2 ppm ( Fig. 5C; F(1,18) ¼ 0.22, p > 0.64), or 3 ppm ( Fig. 5D;  F(1,14) ¼ 0.73, p > 0.73, p > 0.40) dose groups. As expected, a similar analysis comparing the magnitude of the difference between pre-and posttrain I/O functions for the PS amplitude produced robust LTP compared with the EPSP slope, as LTP of this measure is typically of a much greater magnitude. However, no effects of PTU were seen in PS LTP, i.e., LTP of the PS was evident at all doses of PTU (data not shown).
From the pretrain I/O function, a post hoc analysis was performed, selecting an intensity that produced 30, 50, or 100% of the maximal PS and calculating the percent change in EPSP slope and PS amplitude for that animal at that intensity in the posttrain I/O measures. This analysis supported the conclusion gleaned from comparison of the full I/O functions: reductions in EPSP slope LTP at all dose levels (F(3,30) ¼ 3.58, p < 0.025) and no change in PS LTP (F(3,30) ¼ 0.26, p > 0.85) at any dose level (Fig. 6) . Mean contrast tests for dose, collapsing across intensity levels, revealed significant reductions in EPSP slope LTP at 1 ppm (F(1,30) ¼ 5.99, p < 0.02), 2 ppm (F(1,30) ¼ 10.17, p < 0.001), and 3 ppm (F(1,30) ¼ 4.15, p < 0.05) relative to control. A U-shaped dose-response pattern is apparent in Figure 6A , where slightly larger impairments in LTP are evident at the intermediate dose level of 2 ppm relative to the other dose groups at all three intensity levels. These impressions are supported by the results of Tukey's t-test, where significant reductions in EPSP slope LTP were revealed at the 2 ppm dose level at each intensity and is suggestive of a nonmonotonic dose-response relationship.
Fear Conditioning
Training
The distract trace fear task is identical to the trace fear protocol with the exception that a random, noncontingent visual stimulus, quite distinct from the CS, is presented throughout the training period. It was so configured in an attempt to increase task difficulty by placing additional demands on attentional processes (see Han et al., 2003) . Both trace fear paradigms revealed different responses in controland PTU-exposed offspring. During training, activity counts during the preshock baseline period were comparable among all groups in both paradigms. Activity levels dropped precipitously in the postshock period but to a much lesser degree in the high dose 3 ppm animals. Figure 7 summarizes the mean counts during the baseline, postshock1, and postshock2 recording periods, where in independent groups of animals, this pattern is evident in both testing protocols. Under both trace fear (F(3,44) ¼ 4.38, p < 0.009) and distract trace fear (F(3,46) ¼ 3.03, p < 0.04) paradigms, the 3 ppm PTU group did not suppress activity levels to the same degree as controls in the postshock period. As no differences were seen prior to shock delivery (both p > 0.36), it is not likely that hyperactivity at the higher dose levels can account for this difference in activity counts following shock delivery. Another possibility is that developmental hypothyroidism may have reduced sensitivity to the shock. This was examined by scoring digitized images of the behavioral response to the US, the overt physical movement induced upon shock delivery, in an independent group of animals similarly treated with 0 or 3 ppm of PTU. This analysis revealed similar magnitude and velocity of horizontal displacement in control and 3 ppm animals on presentation of the US, indicating a similar responsivity to the aversive qualities of the shock stimulus in control-and PTUtreated animals (Fig. 7C) .
FIG. 3.
Excitatory synaptic transmission. Baseline synaptic transmission is impaired in PTU-exposed animals. Mean ± SE EPSP slope (A, mV/ms) amplitudes in the dentate gyrus were reduced in a dose-dependent manner in adult offspring of PTU-treated dams. A similar trend was evident for PS amplitude (B, mV), but these decrements were not statistically significant. N is number of litters. *ANOVA contrast test for I/O function of 0 versus 2 ppm (p < 0.0277) and 0 versus 3 ppm (p < 0.0001) after significant dose 3 intensity interaction. Insets show typical field potential at high intensity and how EPSP slope (A) and spike (B) measures were calculated.
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Contextual Learning
Reduced activity upon return to the original training box is taken as evidence of conditioned fear learning to context. Both protocols produced contextual learning as activity counts were suppressed relative to pre-CS/US baseline counts during the training period the previous day (data not shown, both p < 0.036). Surprisingly, in the trace fear conditioning paradigm, a greater degree of suppression of activity (enhanced conditioning) was evident in the two low dose groups relative to controls, with activity counts at the high dose comparable to controls ( Fig. 8A; Context F(3,44) ¼ 3.93, p < 0.014). In distract trace fear learning, the suppression at the lower doses was not as evident, and significantly higher activity counts were seen in the high-dose group ( Fig. 8B; Context F(3,46) , p < 0.0078), indicative of impaired context conditioning.
Cue Learning
A pattern similar to that observed for context is evident in cue learning in the standard trace fear paradigm. Activity, expressed as the percent of pre-CS baseline in Figure 9A , is reduced below control levels (enhanced conditioning) at the low doses of PTU, with elevations above control at the highest dose (impaired conditioning). An overall ANOVA revealed significant effects of dose (F(3,44) ¼ 6.30, p < 0.0012) and time period (F(3,132) ¼ 6.21, p < 0.0006).
Step-down ANOVAs for each period corresponding to cue, trace, and post-trace intervals were FIG. 4 . Inhibitory synaptic transmission. Paired-pulse functions revealed the expected intensity-and interval-dependent changes in depression and facilitation of the response evoked to the second pulse of the pair (A, B, and C). Paired-pulse depression was greatest at shorter IPIs of 10 and 20 ms and at the highest stimulus strengths (compare C with A, note scale changes on y-axis). Values depicted in hashed boxes in A through C are expanded in D and E where significant effects were detected for contrasts between 0 and 3 ppm dose groups when collapsed across intensity. Paired-pulse facilitation was greater in PTU-exposed animals at 70 ms (D) than 30 ms (E) IPI. Significant increases were evident in the 3 ppm dose group at the two highest intensities for IPI 70 ms (D) . High variability at the lowest stimulus intensity obviated a statistically reliable increase. Effects of PTU on paired pulse facilitation at 30 ms were not significant at individual intensity levels (E). *p < 0.05, Dunnett's t-test following significant main effect of dose in ANOVA.
conducted, and significant effects of dose were present in each period (all p < 0.04). Effects were most evident during the trace interval period that followed CS presentation. As in context learning, a greater suppression of activity was seen in the lower doses with return to, or elevations above, control counts seen at the 3 ppm dose group (p < 0.05).
Distinct from cue learning in the standard trace paradigm, activity counts did not differ from control levels in either the 1 or 2 ppm dose groups but were elevated above control levels in the 3 ppm group, indicating impaired cue learning. These impressions were supported by the results of an overall ANOVA revealing significant main effects of dose (F(3,46) ¼ 6.19, p < 0.0013) and time period (F(3,138) ¼ 4.92, p < 0.0028).
Stepdown ANOVAs at time periods corresponding to cue (F(3,46) ¼ 3.98, p < 0.013), trace (F(3,46) ¼ 6.81, p < 0.0007), and the immediate post-trace period (F(3,46) ¼ 5.50, p < 0.0026) all resulted in significant effects of dose. Mean contrast tests supported significantly higher activity levels in 3 ppm animals at all testing times with no differences from controls at the lower doses (Fig. 9B) . Consistent with observations in context learning, significant elevations in activity above control levels were seen in the high-dose group and are indicative of impaired cue learning in the high-dose animals.
DISCUSSION
Varying degrees of TH insufficiency induced in rat dams and their offspring led to alterations in hippocampal synaptic function and learning. The highest dose (3 ppm ¼ 0.0003% solution,~0.39 mg/kg/day based on daily water consumption of~40 ml/day in late gestation) evaluated in this study falls far below the standard dosing regimen (0.02% solution ¼ 200 ppm,~26 mg/kg/day) in studies of both developmental and adult hypothyroidism. The highest dose level in the current study was also at or below the lowest dose evaluated in recent papers describing the dose-response relationships of PTUinduced neurotoxicity using oral gavage (Axelstad et al., 2008, THYROID HORMONE, HIPPOCAMPUS, AND BEHAVIOR 439 0.8 mg/kg/day) or drinking water administration Goodman and Gilbert et al., 2007; 3 and 10 ppm) . In the present study, the general health status of the dams and the pups was maintained at all doses, as evidenced by the lack of effect of PTU on water intake, dam weight during gestation and lactation, and pup weight in the early postnatal period. Small reductions in pup body weight were seen in the 3 ppm dose group, but these did not emerge until PN21 and were transient. A slight delay in time of eye opening was also limited to the high-dose group.
Baseline Synaptic Transmission and LTP
Baseline synaptic function was impaired at 2 and 3 ppm PTU but was not different from controls at the lowest dose tested. Inhibitory function as assessed with paired-pulse tests was modestly reduced by the highest dose of 3 ppm. LTP of the EPSP was impaired at all dose levels based on I/O profiles taken before and 1 h after LTP induction, whereas PS LTP was not affected by PTU at any dose. These findings are consistent with previous work from our laboratory and others indicating altered synaptic function in adult offspring of TH insufficient dams (Dong et al., 2005; Gilbert and Sui, 2008; Opazo et al., 2008; Sui et al., 2005; Taylor et al., 2008; Vara et al., 2002) . They are significant observations as they extend the range of PTU effects to lower dose levels than previously reported in the absence of reductions in water intake, body weight, or the presence of notable developmental delays. EPSP slope measures appeared to be the most sensitive endpoint, showing impairments at the 2 ppm dose level in baseline measures and at all doses in synaptic plasticity. EPSP slope LTP was reduced at all dose levels consistent with previous work using 3 and 10 ppm . These findings differ from those of Opazo et al. (2008) who induced TH insufficiency by adding a high dose of a related goitrogen, methimazole (200 ppm), to the drinking water of pregnant dams for a limited period of time during midgestation (GD12-15). T4 was reduced by >80% in dams on the last day of dosing and recovery to euthyroid conditions presumably ensued within the next week. As in our study, LTP of the EPSP was impaired, albeit in a different hippocampal subregion (area CA1). In contrast to our findings in the dentate gyrus, however, no effect on baseline synaptic transmission was reported for area CA1. The more extended period of exposure may account for alterations in both synaptic transmission and synaptic plasticity in dentate gyrus. Differences also exist between these two subregions of the hippocampal formation in terms of timing of neurogenesis, migration, synaptogenesis, and thyroid hormone dependence of expression of RC3, a gene product implicated in synaptic plasticity (Iniguez et al., 1996) . Finally, inherent differences in slice versus whole animal recordings may also contribute to the lack of consistency in some but not all effects of developmental hypothyroidism on hippocampal synaptic function.
In contrast to EPSP slope LTP, no significant impairment was evident in PS LTP. Dissociation of EPSP-PS LTP is consistent with previous work from our laboratory using a higher dose of PTU, in which reductions in EPSP slope LTP were accompanied by increases in PS LTP . Augmentation of PS LTP was associated with reduced paired-pulse inhibition at short intervals (< 30 ms) and diminution of parvalbumin staining of GABAergic neurons Gilbert and Paczkowski, 2003) . In the present study, lower doses of PTU resulted in relatively modest effects on paired-pulse inhibition that were restricted to the FIG. 6 . Individual animal normalization to detect LTP magnitude differences across dose groups. To simplify detection of dose-dependent differences in LTP, the percent increase above pretrain amplitudes was calculated for EPSP slope and PS based on the intensity that produced a PS 30, 50, and 100% of maximal for each individual animal in the pretrain baseline I/O function. This analysis confirmed significant reductions in EPSP slope at all dose levels when collapsed across intensities (A), consistent with the pattern portrayed in Figure 5 . Mean contrasts tests at each intensity suggested greater decrements in the 2 ppm dose group. (B) Greater LTP magnitude was seen at lower intensities for PS, but no effect of PTU was evident. Tukey's t-test * p < 0.05 LTP of the PS was not affected by PTU (B).
intermediate IPIs (30 and 70 ms) and were perhaps of insufficient magnitude to impact PS LTP.
Fear Conditioning
Trace rather than delay fear conditioning was examined in the present study as this learning paradigm requires input from the hippocampus in addition to the amygdala (Shors et al., 2000) . Two different forms of trace fear conditioning were assessed-one in the presence (distract trace) and the other in the absence (standard trace) of a noncontingent, irrelevant visual ''distractor'' stimulus. As demonstrated by Han et al. (2003) , adding a distractor stimulus increases task difficulty and impairs learning in trace but is without effect on delay fear conditioning. The presence of a distractor stimulus activates neural circuitry within the prefrontal cortex that contributes to ''attentional'' processes (see Han et al., 2003; Robbins, 2002) . In the present study, impairments were observed in distract trace but not standard trace conditioning to context and to cue, suggesting that attentional processes may be detrimentally impacted by early TH insufficiency. In contrast, standard trace fear revealed a U-shaped dose-response with apparent ''improved'' learning at low doses and limited or no effects at the highest dose level in both context and cue learning. None of these effects could be accounted for by differences across groups in baseline activity levels or altered responsiveness to shock.
Interestingly, high-dose animals did not suppress their activity to the same degree as controls in the immediate postshock period during the training phase of either fear paradigm. Importantly, baseline activity counts during the training phase were comparable across dose groups in both fear paradigms. Although hyperactivity has been described in hypothyroid animals, its examination and report has been limited to more severe forms of hypothyroidism typical of the FIG. 7 . Training. Trace fear conditioning was induced in two different paradigms (standard trace and distract trace) in two independent groups of rats. Mean activity counts during training of trace (A) and distract trace (B) fear conditioning. Counts were collected in 15-s bins during the baseline (Bins 1-8) CS (Bin 9), Trace (Bin 10-11) periods and following delivery of the first (Bins 13-27) and second (Bins 29-40) shocks (arrows). All animals suppressed their activity in response to shock administration in both fear paradigms. The 3 ppm dose group, however, showed a lower degree of response suppression under training conditions. (C) To determine if the maintained activity in the 3 ppm dose group was due to a reduction in sensitivity to the shock, digital images were examined, and horizontal displacement following shock delivery was compared in a subset of control and 3 ppm animals. Both groups showed a similar degree of displacement, indicating comparable responses to shock delivery (see text).
THYROID HORMONE, HIPPOCAMPUS, AND BEHAVIOR 441 standard models (e.g., Akaike et al., 1991; Axelstad et al., 2008; Henck et al., 1996; Negishi et al., 2005) . Goldey et al. (1995) examined low doses of PTU (0, 1, 5, and 25 ppm beginning on GD18) and found increases in locomotor activity in adult offspring at 5 ppm and above. Recently, Axelstad et al. (2008) also reported increased locomotor activity at 1.6 and 2.4 mg/kg/day (roughly corresponding to 12 and 20 ppm based on calculations derived from dam water consumption and body weight determinations), doses considerably higher than the 3 ppm dose evaluated in the present study. No effects were seen by these workers at 0.8 mg/kg/day (~6 ppm in drinking water). However, extrapolating from doses based on a continuous dosing through drinking water to a pulsed delivery of PTU by oral gavage may not be accurate as serum T4 levels were not as severely impacted in the Axelstad et al. (2008) study as what would be predicted based on these calculations-~52% decrease in T4 on PN16 at the 0.8 mg/kg dose level compared with~40 and 79% decrease in T4 on PN15 at the estimated 0.13 and 0.26 mg/kg/day in the present study (i.e., 1 and 2 ppm, respectively).
Neither did the immediate reflexive response to shock appear diminished in the PTU-exposed animals, so it is unlikely that reduced shock sensitivity can account for the effects of 3 ppm on fear training. Rather, the higher activity levels in 3 ppm animals evident at training may reflect impairment in fear acquisition, a failure in habituation, or a maladaptive enhanced emotional responsivity to the aversive stimulus. This pattern parallels data of Anagnostaras et al. (1999) in which rats treated with the amnestic agent scopolamine did not demonstrate freezing behavior after shock delivery on the training day, yet their immediate reflexive reaction to footshock was similar to saline injected controls. The PTU-induced impairment was more robust under conditions of distract than standard trace fear learning, possibly reflecting inherent differences in task difficulty between the two training paradigms. Although no differences were seen in the controls in the two trace fear paradigms, previous studies in our laboratory and others (see Han et al., 2003) have revealed lower freezing rates under distract than under standard trace fear conditions. Distract trace fear may be more difficult than standard trace fear learning because (1) the presence of an irrelevant noncontingent but prominent distractor stimulus places more attentional demands on the animal during the training phase, thereby interfering with associative learning and (2) the absence of this prominent cue during context testing. In contrast, under the standard trace fear protocol, there is little to distract the animal from attending to the CS at training, and the contextual environment is identical on both training and testing days.
In our study, context learning in the standard trace fear conditioning paradigm appeared to be ''enhanced'' at the lower doses as activity counts were suppressed, with return to control levels apparent at the high dose. This increased suppression of activity may reflect a higher level of anxiety upon reintroduction to the training box the day after shock administration. Increased anxiety has been previously reported following developmental hypothyroidism (Darbra et al., 2003) and in thyroid receptor knockout mouse models (Guadano-Ferraz et al., 2003) . The apparent ''normalization'' of behavior to control levels in the highdose animals may result as the maladaptive ''anxiety response'' indexed by lower activity counts is countered by higher activity counts reflective of a learning impairment. This latter speculation is consistent with the observations in distract trace fear conditioning, where the prominent distractor training stimulus is absent during context testing, rendering the context less well defined, and the contextual memory perhaps more labile. Under such conditions, the contextual learning may be more difficult, countering reduced activity characteristic of anxiety at the lower doses and unmasking a learning deficit in high-dose animals.
The biphasic dose-response pattern seen in trace fear conditioning is reminiscent of recent observations of hippocampal brain-derived neurotrophic factor (BDNF) protein expression in FIG. 8 . Context learning. Mean activity counts during the 5 min of context testing were decreased in the lower dose groups but similar to controls at the high dose level 24 h after standard trace fear training (A). In contrast, an increase above control counts was seen in the high-dose group 24 h after distract trace fear training (B) with no significant difference from controls evident in the lower dose groups. (*p < 0.05).
adult offspring of PTU-exposed dams (Lasley and Gilbert, 2011) . The dose-response profile depicted in Figure 6A for EPSP slope LTP is also suggestive of a U-shaped dose-response relationship. BDNF is induced in fear-motivated learning tasks and electrically induced LTP (see review by Yoshii and Constantine-Paton, 2010) and is reduced by developmental hypothyroidism (Bernal, 2002; Koibuchi et al., 1999; Lasley and Gilbert, 2011) . Although it is tempting to speculate a connection between BNDF protein expression and the biphasic dose-response patterns observed in the present findings, the underlying relationships must be complex, and the mechanisms remain unclear.
Serum Hormones as Predictors of Effects
It is worthy of note that the dose-response profiles for serum hormones, general toxicity indices, and behavioral and electrophysiological measures are somewhat misaligned. THs increase postnatally to peak at PN14-15, decline, and approach adult levels by PN21. Serum T4 on PN15 was severely suppressed (80-90%) at the two highest PTU doses, yet the higher dose group showed body weight deficits, delayed eye opening, impairments in excitatory and inhibitory synaptic transmission, and learning that were less evident or absent in the 2 ppm group. By contrast, T4 measured on PN22 was reduced to a lesser degree in the 1 (~25%) or 2 ppm (~48%) dose groups relative to 3 ppm (~80%) or in these same dose groups assessed on PN15, despite an additional week of dosing. The serum hormone profile at weaning closely mirrored the monotonic doseresponse profile for serum T4 reductions seen in dams. For this low dose PTU model, T4 in PN21 pups or in dams   FIG. 9 . Cue learning. Mean activity counts expressed as a percent of baseline counts during presentation of the CS, the 30-s trace interval and the 30-s interval immediately following the trace period (Post-trace 1) are expressed as a percent of counts during the baseline period. Activity was suppressed during the cue and trace intervals at 1 and 2 ppm dose levels in the standard trace fear paradigm, with control levels of suppression seen in the high-dose group (A). This pattern is suggestive of enhanced learning at lower doses of PTU (see text). In contrast, activity levels were increased above control values in the high-dose group in all three intervals in the distract trace fear paradigm (B), a pattern indicative of an impairment in cue learning in the high-dose group. THYROID HORMONE, HIPPOCAMPUS, AND BEHAVIOR appears more predictive of some of the neurophysiological and behavioral impairments than T4 measured on PN15, but neither time point displays a biphasic pattern of response. These data caution against the application of a direct translation of serum hormones to adverse neurodevelopmental outcomes-although serum hormones serve as sensitive bioindicators of peripheral thyroid status, they may not accurately reflect either the sufficiency or integrity of TH and its signaling in specific brain regions during critical windows of development.
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